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wave-length shift of Fabry-Perot reflection spectrum, is developed. The relative error of measuring the
polymer film permit-tivity depending on the film thickness for three wavelength ranges (810−890,
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Abstract
The mathematical model of the ﬁber-optic sensor for gas concentration analysis is under study. The sensor is
implemented as Fabry-Perot interferometer at the end face of the optical ﬁber by applying a thin polymer ﬁlm, which
permittivity depends on the tested gas concentration. It is shown, that a change in the properties of the optical ﬁber or the
atmosphere permittivity leads mainly to the spectrum contrast changing and does not change the period and the
wavelength shift of its comb. The inﬂuence of the polymer ﬁlm thickness, the environment temperature and humidity on
the Fabry-Perot spectrum is analyzed. The necessity of using the temperature and humidity compensation sensors is
shown. The method, which determines the permittivity in narrow and wide ranges basing on the comb period and the
wavelength shift of Fabry-Perot reﬂection spectrum, is developed. The relative error of measuring the polymer ﬁlm
permittivity depending on the ﬁlm thickness for three wavelength ranges (810e890, 1270e1350, and 1510e1590 nm) is
estimated. The real achievable relative error in determining the polymer ﬁlm permittivity is in 0.3e1% FSI, depending
on the conditions of the experiment. The mathematical methods and practical recommendations are proposed.
Keywords: Fabry-Perot interferometer, Mathematical model of Fabry-Perot reﬂection spectrum, Gas concentration

1. Introduction

T

he implementation of the automatic
measuring instruments of gas concentration is
one of the strategic priorities, especially important
for the ecological safety. For example, in the
ecological security projects it is necessary to accurately monitor the leakage of dangerous gases at a
storage area to evaluate the potential risks and
hazards to human health [1,2], and the environmental safety [3]. The sensors, based on a long
period grating, covered with phenol [4] or polystyrene [5] layer, are suggested to achieve these
objectives. The silicon photonic sensor, based on a
micro-ring resonator coated by a guanidine

polymer, is proposed in [6]. Non-dispersive infrared
spectroscopic sensor, which is recommended in
[7,8], requires a bulky optical absorption cell for
achieving high-resolution measurements. The laser
absorption spectroscopic methods in the middle
infrared range [9] are mainly used for the CO2 optical ﬁber sensors. However, the ﬁber optic components for the middle infrared range, such as light
source, photodetector, and even optical ﬁber itself,
are costly [10].
Fiber optic Fabry-Perot interferometer with an
open resonator is a classic sensitive element of the
gas concentration sensor. It is manufactured by
splicing capillary tubes or photonic crystal ﬁbers
with a single-mode ﬁber [11,12]. However, variation
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of the gas concentration is too small to noticeably
change the environment permittivity in the zone of
the open interferometer, and is not enough to
measure it. The search (or synths) of the transparent
material, which refractive index (permittivity) is
noticeably sensitive to the concentration of the
controlled gas, is the key element of the design of
Fabry-Perot interferometer. Fabry-Perot interferometer can be represented as a layered structure
consisting of three different homogeneous layers
through which a light propagates. A thin ﬁlm made
of a transparent organic polymer material, which
permittivity and, hence, refractive index depend on
the speciﬁc gas concentration, can be used as a
sensitive layer. The sensitive layer is in contact with
the environment, which allows the polymer material
to interact with gas molecules. The interaction of gas
and polymer molecules changes the polymer internal structure, thereby changing its permittivity and,
as a consequence, its refractive index. According to
the Hard Soft Acid Base rule [13,14], the dense
polymer ﬁlm can interact with carbon dioxide molecules at a room temperature and a normal atmospheric pressure by the amino groups which exist in
the backbone of the polymer. This interaction is an
acidebase equilibrium, it is reversible and leads to
the formation of amino formic acid ester and alkyl
carbonate [10].
The Fabry-Perot interferometer model [15e17]
can be represented as a layered structure consisting
of three (or more) different homogeneous layers. A
plane monochromatic optical light wave propagates
through the layers. The scheme of the Fabry-Perot
interferometer with a sensitive element as the thin
polymer ﬁlm at the end face of the optical ﬁber is
shown in Fig. 1.

The thin polymer ﬁlm is a transparent organic
polymer material with a thickness of h. The ﬁlm (is
shown by green) is applied to the end face of the
optical ﬁber. The permittivity, hence the refractive
index, of the polymer ﬁlm depend on the tested gas
concentration [10,18,19].
The mirrors of Fabry-Perot interferometer are
formed due to the difference in refractive indices at
two interfaces: between the polymer ﬁlm and the
optical ﬁber, and between the polymer ﬁlm and the
atmosphere. The polymer ﬁlm material is selected
basing on the requirement that its permittivity must
depend on the tested gas concentration. Despite
Fabry-Perot interferometers are well described and
studied [15,20e22], the completely satisfying results
of the applicability limits of Fabry-Perot interferometers as a gas concentration sensor have not
been found.
Broadband optical light directed into the optical
ﬁber, reﬂects from two mirrors, formed by the interfaces, changes its spectral structure and forms the
reﬂection spectrum with periodic increases and
decreases of magnitude (like a comb), as shown in
Fig. 2.
The contrast of the Fabry-Perot reﬂection comb,
its period, and position along the wavelength axis
depend on the parameters of the measuring system,
such as the permittivity and the permeability of
three substances (ﬁber, ﬁlm, and air), and the
polymer ﬁlm thickness. The light transmittance and
the light reﬂectance are found by solving the linear
equation system:
2
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where ki is the wavenumber and wi is the wave
impedance of each layer:

Fig. 1. The sensitive element of gas concentration sensor.

Fig. 2. The Fabry-Perot reﬂection spectrum (comb).
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rﬃﬃﬃﬃ
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LðlÞ ¼ AL , e

where 31, m1, 32, m2, 33, m3 are the permittivity and the
permeability of the optical ﬁber core, polymer ﬁlm,
and environment; h is the polymer ﬁlm thickness; r1
is the reﬂection coefﬁcient of the interface between
the optical ﬁber and the polymer ﬁlm; t2 and r2 are
the transmittance and reﬂection between the polymer ﬁlm and the atmosphere interface; t3 is the
transmittance of the environment; l is the light
wavelength.
The solution of the equation system gives the
required transmittance and reﬂection coefﬁcients as
function of the task parameters:
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where all parameters depend on l, h, 3i, mi.
The main task parameter is the reﬂection function
r1 (l, h, 3i, mi) of the interface between the optical
ﬁber and the polymer ﬁlm. The product of the
reﬂection coefﬁcient r1 on the original broadband
light simulates the Fabry-Perot reﬂection spectrum.
The original light spectrum, which is directed into
the Fabry-Perot interferometer, can be described by
a Gaussian function:

ðllL Þ2
2s2
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þ N,NoiseðlÞ;

where AL is an amplitude, s is a width, and lL is a
central wavelength, N is a noise amplitude, and
Noise(l) is a noise distribution function.
The Fabry-Perot reﬂection spectrum is described
by the equation:
Rðl; h; 3i ; mi Þ ¼ LðlÞ,jr1 ðl; h; 3i ; mi Þj2 :
The dependence of the Fabry-Perot reﬂection
spectrum on the task parameters is a complex
transcendental function:
ðl  lL Þ2
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Unfortunately, it is impossible to extract the
comb period and the peak position explicitly from
Equation (1). A monotonic change in one parameter
(the permittivity of one of the layers or the interferometer length) does not lead to a monotonic

Table 1. Task parameters.
from

to

Denotation

2.3447$(1  j$1.0$1010)
38.000$(1  j$7.0$104)

3F
3P
3A

Permittivity
Fiber core
Polymer thin ﬁlm
Air

1.9184$(1  j$1.0$1010)
3.8000$(1  j$7.0$104)
1.00057$(1  j$1.0$105)
Permeability

Fiber core
Polymer thin ﬁlm
Air

mF
mP
mA

0.9999
0.8660
1.0001
Thickness (mm)

Polymer thin ﬁlm

50

150

h
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change in the comb period of the Fabry-Perot
reﬂection spectrum or its wavelength; moreover, the
shift of the spectrum along the wavelength axis can
be on an arbitrary number of periods, including
multiple ones.
The polymer ﬁlm thickness and the permittivity of
layers depend on the sensor manufacturing technology and the used materials. The sensitivity of the
polymer ﬁlm to gas concentration, temperature, and
humidity of the environment is deﬁned by the
polymer ﬁlm chemical substance. In this regard, the
comprehensive investigation of the proposed sensor
design is relevant for determining the conditions
and limitations of its applicability. These investigations are carried out basing on the proposed
mathematical model. The measuring system parameters, which are supposed to be used during the
operation, are taken.
Three wavelength ranges (810e890 nm,
1270e1350 nm, 1510e1590 nm), used in optical data
transmission networks, corresponding to three optical ﬁber transparency windows, are chosen. The
permittivity and permeability of the substances, the
polymer ﬁlm thickness, and their value ranges are
shown in Table 1.
The change of the magnetic permeability of all
materials, used in Fabry-Perot interferometer
design, can be neglected, since all layers are
dielectric, and their ability to polarize in an external
magnetic ﬁeld is absent. The external inﬂuence,
such as, temperature or humidity, does not affect
permeability either. The ﬁber core permittivity is
inﬂuenced by the external conditions, such as temperature. Therefore, it is necessary to estimate
dependence of the resulting Fabry-Perot spectrum
on the ﬁber core permittivity. The key element of
the measuring system is the polymer ﬁlm. The ﬁlm
thickness is determined during manufacturing, and
depends on its temperature (by the coefﬁcient of
thermal expansion) and humidity (swelling from
moisture). It is assumed, that the ﬁlm thickness is in
the range from 50 to 150 microns. The key parameter of the Fabry-Perot sensor is the polymer ﬁlm
permittivity and its sensitivity to the tested gas
concentration. The polymer ﬁlm permittivity can
vary either in a small range or increase by an order
of magnitude when the polymer is saturated with
the interacted gas. It is assumed, that the real part of
the permittivity is varied in the range from 3.8 to 38,
while the dielectric loss tangent is assumed constant. All measurements are carried out by
analyzing the Fabry-Perot reﬂection spectrum, obtained as a discrete set, containing a wavelength and
an amplitude {li, Ai} i ¼ 1, N, with a sampling step

Dl and a maximum amplitude AL. It is assumed that
the spectrum analyzer gives 512 spectrum values.

2. Inﬂuence of the ﬁber core permittivity
The temperature coefﬁcient of permittivity is
determined by ClausiuseMossotti equation [23,24].
It is about 106 K1 for gaseous substances, and
about 103 K1 for liquid and solid dielectrics. The
temperature change in the range of ±100 K leads to
the change in the optical ﬁber permittivity (3F) in the
range of ±10% of its regular value under normal
conditions. The minimum 3F value, given in Table 1,
corresponds to 90%, and the maximum corresponds
to 110% of its regular value equal to 2.3447$(1 e
j$1010), taken as 100%. Fig. 3 shows Fabry-Perot
reﬂection spectra calculated for the wavelength
range 1510e1590 nm, for the polymer ﬁlm thickness
h ¼ 50 mm, and for three values of the permittivity
equal to 90, 100, and 110% of the regular value of 3F.
The incident broadband light spectrum is indicated
by the blue line in Fig. 3.
The series of numerical calculations has been
simulated for other wavelength ranges and different
thicknesses of the polymer ﬁlm. The change of the
ﬁber core permittivity value in the range of ±10% of
its regular value does not lead to a noticeable
change in the period or the wavelength of the FabryPerot comb. The change of the permittivity of the
optical ﬁber core in the mentioned range leads only
to the change of the spectrum contrast. The signiﬁcant change of 3F, for example, for 100%, extremely
reduces the Fabry-Perot comb contrast. The further
increase of 3F for 200% leads to the spectrum shift on
a half of its period, and the maxima and minima of
the Fabry-Perot reﬂection spectrum are swapped.
The change in the permittivity of the outer layer 3A
shows the similar transformation of the Fabry-Perot
reﬂection spectrum. The small change (±10%) of the
outer layer permittivity does not lead to a noticeable
change of the period or the wavelength of the FabryPerot comb. The signiﬁcant change in 3A (both increase or decrease) leads to the spectrum shift on a
half of the comb period. The simultaneous change of
the permittivity of the optical ﬁber and the environment in the range of ±10% has the similar
character.
In industrial exploitation, the optical ﬁber core
permittivity cannot change for more than 10%. Only
temperature can affect the optical ﬁber permittivity.
In most cases, the change of the atmosphere
permittivity can be neglected, assuming that its
maximum deviation is less than ±1% of its regular
value under any external inﬂuences.
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Fig. 3. The results of spectrum calculations: 1 d source light; the Fabry-Perot comb for the wavelength range 1510e1590 nm, for the polymer ﬁlm
thickness h ¼ 50 mm, and for three permittivity values of the optical ﬁber: 2 d at 90% of e F; 3 d at eF ¼ 2.3447·(1 e j·1010); 4 d at 110% of eF.

The possible changes in contrast of the FabryPerot comb resulting from temperature ﬂuctuations
impose minor restrictions; therefore, it is necessary
to use amplitude measurement methods with
caution and to use extra compensation sensors.
Small variations (±10%) of the permittivity of the
optical ﬁber or atmosphere affect only the change in
contrast of the Fabry-Perot comb and very insigniﬁcantly affect its period or wavelength. This
makes it possible to exclude the temperature control
of the optical ﬁber and the environment from
consideration and focus only on the analysis of the
temperature and parameters of the polymer ﬁlm.
The main efforts in developing a method for estimating changes in the polymer ﬁlm permittivity
should be concentrated on the analysis of the FabryPerot comb period and its wavelength.

3. Inﬂuence of the wavelength range
The ﬁber optic spectrum analyzer, designed for
the wavelength range 810e890 nm, is a lot cheaper
than the comparable equipment designed for the
wavelength range 1270e1350 nm or 1510e1590 nm.
Increasing the resolution of the spectrum analyzer
also leads to a signiﬁcant increase in costs, since it
requires more complicated and expensive hardware
components, especially for the wavelength range
1510e1590 nm. In other words, the cost of the ﬁberoptic spectrum analyzers increases both with
increasing of the resolution and the operating
wavelength. The proposed mathematical model

allows investigating the applicability of the suggested gas concentration sensor not only for various
wavelength ranges, but also for an arbitrary wavelength, which allows selecting the equipment, based
on technical and economic requirements. The
period of the Fabry-Perot comb has a quadratic
dependence on the wavelength, according to the
theoretical models for determining Free Spectral
Range (FSR) of the interferometer [18]:
l2
Dl ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
2 3P mP h
where Dl is FSR, and it is deﬁned as the period of
the Fabry-Perot spectrum comb.
The series of numerical calculations for three
wavelength ranges (810e890, 1270e1350, and
1510e1590 nm), with the polymer ﬁlm thickness
h ¼ 50 mm and three values of the optical ﬁber
permittivity (90, 100, and 110% of 3F) has been
simulated. The resulting spectra are shown in Fig. 4;
parts of the spectra that are not included in the
indicated wavelength ranges are excluded from the
ﬁgure for clarity. The results of the investigation,
obtained by switching the wavelength range, clearly
demonstrate the increase of the Fabry-Perot comb
period with the wavelength increasing.

4. Inﬂuence of the polymer ﬁlm thickness
The sensing element ability of the suggested gas
concentration sensor directly depends on the
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Fig. 4. The results of spectrum calculations: 1 d source light; the Fabry-Perot comb for the wavelength range 810e1590 nm, for the polymer ﬁlm thickness
h ¼ 50 mm, and for three permittivity values of the optical ﬁber: 2 d at 90% of eF; 3 d at eF ¼ 2.3447·(1ej·1010); 4 d at 110% of eF.

selected substance and thickness of the polymer
ﬁlm. Hence, it is necessary to study the inﬂuence of
the polymer ﬁlm thickness, and the affection of the
linear thermal expansion coefﬁcient of the polymer
on the resulting Fabry-Perot comb. It allows
assessing the need to use extra temperature
compensation sensors.
The polymer ﬁlm thickness varies in the range
from 50 to 150 mm while the values of other system

parameters are ﬁxed. The calculated Fabry-Perot
reﬂection spectra are shown in Fig. 5.
The results of calculations show that an increase
in the thickness of the polymer ﬁlm leads to a
decrease in the period of the Fabry-Perot comb. This
dependence is the same for all wavelength ranges.
On one hand, the large polymer ﬁlm thickness
increases the range of the ﬁlm permittivity, which
depends on gas concentration. The greater ﬁlm

Fig. 5. The results of spectrum calculations: 1 d source light; the Fabry-Perot comb for the wavelength range 1510e1590 nm, and for three thickness
values of the polymer ﬁlm: 2 d h ¼ 50 mm; 3 d h ¼ 100 mm; 4 d h ¼ 150 mm.
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Fig. 6. The results of spectrum calculations:1 d source light; the Fabry-Perot comb for the wavelength range 1510e1590 nm, and for three thickness
values of the polymer ﬁlm: 2 d h ¼ 49.9 mm; 3 d h ¼ 50 mm; 4 d h ¼ 50.1 mm.

volume contains more active points to attach the gas
molecules to the polymer. On the other hand, the
gradient of gas molecules concentration appears
across the ﬁlm thickness, with the maximum value
near the polymereenvironment interface and the
minimum value near the polymereﬁber interface.
The gradient of gas molecules concentration in the
ﬁlm leads to the appearance of the permittivity
gradient across the ﬁlm thickness. The affection of
the permittivity gradient across the ﬁlm thickness is

not considered here, but it is planned for the next
researches.
The linear thermal expansion coefﬁcient of the
polymers used as the gas-absorbing ﬁlms is in the
range from 0.5$105 to 2$105 K1. The maximum
value of the linear thermal expansion coefﬁcient
means that the thickness of the polymer ﬁlm
changes according to the relation h$(1 þ 2$105$DT ),
where DT is the maximum value of the temperature
shift. Assuming that the temperature of the gas

Fig. 7. The Fourier spectra of the Fabry-Perot reﬂection spectra calculated for the wavelength range 1510e1590 nm, for three thickness values of the
polymer ﬁlm: 1 d h ¼ 49.9 mm; 2 d h ¼ 50 mm; 3 d h ¼ 50.1 mm.
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concentration sensor varies in the range of ±100 K,
then the polymer ﬁlm thickness varies in the range
of h ± h$0.002.
Calculations show that the change of the polymer
ﬁlm thickness even in such small range leads to the
noticeable shift of the Fabry-Perot reﬂection spectrum, Fig. 6.
Even though the change of the ﬁlm thickness is
only 0.2%, the shift of Fabry-Perot comb is quite
noticeable. The change of the Fabry-Perot comb
period can be estimated by the Fourier transform
applied to the Fabry-Perot spectrum. The Fourier
spectrum is performed using the fast Fourier
transform algorithm, under the assumption that the
ﬁber-optic spectrum analyzer gives 2m numerical
values of the spectrum in the matrix form {li, Ai},
i ¼ 1, 2m, containing two vectors d the wavelength
and the amplitude, Fig. 7.
The dimensionless value of the Fabry-Perot comb
frequency is used as the abscissa axis in Fig. 7. It
determines the fraction of the difference frequency
of the whole spectrum range. This notation is used
to simplify the further explanation.
The frequency which is determined only by the
maximum value of the Fourier spectrum means that
the error in determining the frequency of the comb
is not less than the spectrum sampling frequency,
which is determined by the resolution of the optical
spectrum analyzer. The frequency of the FabryPerot comb is reﬁned by the following algorithm.
The maximum value of the amplitude corresponding to the frequency of the Fabry-Perot comb is
determined in the Fourier spectrum. Three points
{f1, y1}, {f2, y2}, {f3, y3} of the Fourier spectrum are
determined. The point {f2, y2} is the frequency and
amplitude of the Fourier spectrum at the maximum
point; {f1, y1} and {f3, y3} are the same values at the
left and the right points, respectively. A parabola
through three points {fi, yi} is drawn, and the comb
frequency is determined as the abscissa of the
parabola center according to:




y 3 f2  f1  f3 y 2  y 1  f2 y 1 þ f1 y 2


a¼
;
f3 f3  f1  f2 þ f1 f2
b¼

y2  y1
 aðx1 þ x2 Þ;
x2  x1

f ¼

ð2Þ

b
:
2a

where f is the desired frequency, a and b are the
coefﬁcients of the second and ﬁrst orders of the
parabola.
The numerical analysis shows, that the deviation
of the Fabry-Perot comb frequency when the ﬁlm

thickness changes by 1/500 of its unperturbed
length of 50 mm does not exceed 0.5% in the wavelength range 1510e1590 nm, 2% in the range
1270e1350 nm, and 0.24% in the range 810e890 nm.
Changing the ﬁlm thickness to 100 and 150 mm
slightly reduces the error in determining the FabryPerot comb frequency. It should be noted that
increasing the ﬁlm thickness reduces the error in
determining the Fabry-Perot comb frequency.
However, this effect is insigniﬁcant. According to
the performed calculations, it can be concluded that
the Fabry-Perot sensor in the wavelength ranges
810e890 and 1510e1590 nm provides a smaller error
in determining the comb frequency, than in the
wavelength range 1270e1350 nm. The error in
determining the Fabry-Perot comb frequency can be
reduced by increasing the thickness of the polymer
ﬁlm.
The error in determining the Fabry-Perot comb
frequency with a possible drift of the polymer ﬁlm
thickness caused by the change of the external
temperature does not exceed 0.5%. The Fabry-Perot
comb frequency has non-monotonic dependence on
the polymer ﬁlm permittivity. The error in determining the Fabry-Perot comb frequency affects the
error in determining the permittivity. Therefore, it is
necessary to use the temperature compensation
techniques to improve accuracy. The temperature
compensation techniques are not considered in the
framework of this study.

5. The determination of the polymer ﬁlm
permittivity in a narrow range
The principal parameter of measurement of this
sensor design, which depends on the gas concentration, is the permittivity of the polymer ﬁlm. The
character of the Fabry-Perot comb modiﬁcation,
when the permittivity changes by 5 and 10% of its
regular value j3Pj ¼ 3.8, at a ﬁlm thickness 50 mm, in
the wavelength range 1510e1590 nm, is shown in
Fig. 8.
The change in the polymer ﬁlm permittivity leads
to the simultaneous change in the Fabry-Perot comb
frequency and its position along the wavelength
axis. Initially, it seemed reasonable to build the
dependence of the polymer ﬁlm permittivity as a
function of two variables d the shift of the spectrum
and the Fabry-Perot comb frequency. Moreover, the
Fabry-Perot comb frequency was planned to be
determined by constructing and analyzing the
Fourier spectrum of the Fabry-Perot comb, with the
reﬁnement of the comb frequency according to (2).
The shift of the Fabry-Perot spectrum was determined as the shift of the mass center of a ﬂat ﬁgure
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Fig. 8. The calculated spectra: 1 d light source spectrum; the Fabry-Perot comb, calculated for the wavelength range 1510e1590 nm, for three
permittivity values of the polymer ﬁlm: 2 d ePMin ¼ 100%; 3 d ePAvg ¼ 105%; 4 d ePMax ¼ 110.

formed by the Fabry-Perot spectrum and the wavelengths boundaries of the range and abscissa axis.
The coordinate of the mass center of the Fabry-Perot
comb, obtained from the discrete dataset, was
determined by the formula:
m 1
2P


s¼


l2iþ1  l2i ðAiþ1 þ Ai Þ

2
i¼1
;
m 1
l  l1 2P
ðliþ1  li ÞðAiþ1 þ Ai Þ
2m

i¼1

where the factor before the ratio normalizes the
value of the mass center to a dimensionless unit, in
the range from zero to one. The required dependence of the polymer ﬁlm permittivity was determined by a function:
 
3P ¼ F f ; s :
ð3Þ
The analytical form of the equation above is
determined by the nature of this dependence. To
determine the analytical form of function (3) for the
ﬁlm permittivity in range 3PMin to 3PMax, the correlation of the ﬁlm permittivity with the frequency
and the mass center of the Fabry-Perot comb is
calculated for all wavelength ranges and the polymer ﬁlm thicknesses. It is assumed, that the value of
the polymer ﬁlm permittivity varies in the range of
±10%. The calculation results for the ﬁlm thickness
50 mm, and the ﬁlm permittivity j3PMinj ¼ 3.80,
j3PAvgj ¼ 3.99, j3PMaxj ¼ 4.18, which are 100, 105 and
110%, respectively, are shown in Fig. 9. Similar

dependencies are calculated for the thicknesses of
polymer ﬁlms equal to 100 and 150 mm, as it is
shown in Fig. 10 and Fig. 11. The analysis of the
calculation results shows that the correlation of the
polymer ﬁlm permittivity from the comb frequency
and the mass center of the Fabry-Perot spectrum
resembles a ﬂattened 3D spiral. The change in
permittivity by 10% leads not only to the shift of the
comb for several periods, but also to the nonmonotonic change in the comb period. More
detailed information about the nature of the correlation of the permittivity from the frequency and
mass center of the Fabry-Perot comb can be obtained from the phase sections “frequency vs
permittivity”, “mass center vs permittivity” and
“frequency vs mass center”, as it is shown in Fig. 12.
Up to ﬁve different values of the permittivity can
correspond to one measured value of the FabryPerot comb frequency (Fig. 12,a), and one measured
value of the mass center can correspond to any of
the permittivity values located on the dependence
(Fig. 12,b). The phase section “frequency vs mass
center” (Fig. 12,c) allows limiting this uncertainty by
two different permittivity values, but does not
eliminate it. The presence of self-intersections on
the phase section “frequency vs center of mass”
(Fig. 12,c) does not allow to unambiguously determine the value of the permittivity from two
measured values of the frequency and mass center,
since the same set of values corresponds to two
different permittivity values, located on the adjacent
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Fig. 9. The calculating results of the dependence of the ﬁlm permittivity
eP in the range of values of 100e110% at the polymer ﬁlm thickness
h ¼ 50 mm for three wavelength ranges: a) 810e890 nm; b)
1270e1350 nm; c) 1510e1590 nm.

Fig. 10. The calculating results of the dependence of the ﬁlm permittivity
eP in the range of values of 100e110% at the polymer ﬁlm thickness
h ¼ 100 mm for three wavelength ranges: a) 810e890 nm; b)
1270e1350 nm; c) 1510e1590 nm.
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spiral coils. The step of this spiral dependence along
the permittivity axis determines the uncertainty
value.
Restricting the range of the permittivity variation
to ±1% of its initial value allows eliminating this
uncertainty, since in this case, the curve in the phase
section of the “frequency vs mass center” does not
intersect itself. It allows determining the permittivity value unambiguously. The problem can be
solved by the selection of the speciﬁc polymer ﬁlm
material, which provides its permittivity change in
the range of ±1% with the change of the gas concentration in the measurement range. At the same
time, it imposes additional restrictions on the accuracy of the permittivity determining.
The phase sections of “frequency vs permittivity”,
when the permittivity varies in the range of
100e110% (for the range 1510e1590 nm) are shown
in Fig. 13, and with the ﬁlm thickness equal to 100
and 150 mm are shown in Fig. 13,a and Fig. 13,b,
respectively. The phase section for the range
810e890 nm at the ﬁlm thickness equal to 150 mm is
shown in Fig. 13,c.
The increase in the polymer ﬁlm thickness or the
transition to the shorter wavelength range reduces
the ambiguity of the permittivity correlation with
the Fabry-Perot comb period. The consistent comparison of Fig. 12,a, Fig. 13,a, and Fig. 13,b shows
that the increase in the polymer ﬁlm thickness while
maintaining all other parameters “straightens” the
permittivity correlation with the comb period and
reduces the ambiguity. The change in the wavelength range from 1510 to 1590 to 810e890 nm leads
to the greater straightening of this correlation, but
does not eliminate the ﬂuctuations.
The approximation of the permittivity correlation
with the Fabry-Perot comb frequency by the fourthdegree polynomial allows to interpolate with an
absolute error not exceeding 2$106, Fig. 14,a. In this
case, the relative error in determining the permittivity based on the calculated value of the FabryPerot comb frequency using the approximating
curve, does not exceed 0.32% for the entire measurement range.
The switching of the wavelength range between
1270 and 1350 or 810e890 nm does not reduce the
absolute error of the permittivity approximation by
the frequency, and does not reduce the relative
error in determining its value by the approximating

Fig. 11. The calculating results of the dependence of the ﬁlm permittivity
eP in the range of values of 100e110% at the polymer ﬁlm thickness
h ¼ 150 mm for three wavelength ranges: a) 810e890 nm; b)
1270e1350 nm; c) 1510e1590 nm.
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Fig. 12. The phase sections for polymer ﬁlm permittivity in the range 100e110% at the polymer ﬁlm thickness h ¼ 50 mm for the wavelength range
1510e1590 nm: a) frequency vs permittivity; b) center of mass vs permittivity; c) frequency vs center of mass.

S.M.R.H. Hussein et al. / Karbala International Journal of Modern Science 8 (2022) 339e355

351

Fig. 13. The phase sections “frequency vs permittivity” for the polymer ﬁlm permittivity in the range 100e110% for the wave ranges and the ﬁlm
thicknesses: a) 1510e1590 mn, h ¼ 100 mm; b) 1510e1590 nm, h ¼ 150 mm; c) 810e890 nm, h ¼ 150 mm.
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Fig. 14. Approximation for the permittivity in the wavelength range 1510e1590 nm and ﬁlm thickness h ¼ 150 mm: a) polynomial approximation of
the permittivity on the frequency of the Fabry-Perot spectrum comb; b) the relative error in determining the dielectric constant.

curve. The maximum relative error in both cases
does not exceed 0.32% FSI.

6. The determination of the polymer ﬁlm
permittivity in the wide range
In parallel with the mathematical model research,
our team carried out the laboratory experiments.
The experiment results show, that the permittivity
can vary beyond the limit of 10%. The experiments
with the polymer ﬁlm made from the polyvinyl

alcohol, when it is used as the humidity sensor,
show that the polyvinyl alcohol ﬁlm ability to attach
hydroxyl groups can change its permittivity for 7e8
times. The polyvinyl alcohol permittivity in the dry
condition does not exceed 3.8, in contrast, the water
permittivity is 80. The saturation of the polyvinyl
alcohol ﬁlm with water increases the ﬁlm permittivity to 20, 30, or more. In this regard, it is advisable
to assess the error in determining the permittivity in
a wide range (from 100 up to 1000% of its regular
value). Let us assume, that the minimum and
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Fig. 15. a) Fourier spectra of the Fabry-Perot combs, calculated for the wavelength range 810e890 nm, and for polymer ﬁlm thickness h ¼ 100 mm for
three permittivity values: 1 d eP ¼ 100%; 2 d eP ¼ 550%; 3 d eP ¼ 1000%; b) approximation of the permittivity for the wavelength range
810e890 nm and the ﬁlm thickness h ¼ 100 mm.

maximum values of the polymer ﬁlm permittivity
differ by 900%. So, the minimum value is
j3PMinj ¼ 3.8 and the maximum value is
j3PMaxj ¼ 38.0, that is 100 and 1000%, respectively.
The ﬁlm thickness varies in the set of 50, 100, and
150 mm for all wavelength ranges. The numerical
analysis is performed for three thicknesses of the
polymer
ﬁlm,
in
the
wavelength
range
1510e1590 nm, with the change in the ﬁlm permittivity in the range from 100 to 1000%.
The worst error in determining the ﬁlm permittivity is obtained for the ﬁlm thickness 50 mm, and it

does not exceed 5% FSI. The twofold increase in the
polymer ﬁlm thickness up to 100 mm more than
twice reduces the error in determining the ﬁlm
permittivity; the maximum error, in this case, does
not exceed 2% FSI. The increase of the ﬁlm thickness to 150 mm allows halving error to 1.2%.
The transition to the wavelength range
1270e1350 nm reduces the relative error in determining the polymer ﬁlm permittivity to 3% at the
ﬁlm thickness of 50 mm; more than 1% at the
thickness of 100 mm; and less than 0.8% at the
thickness of 150 mm.
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Fig. 16. Determination of the permittivity value from the comb frequency and the center of mass of the Fabry -Perot spectrum.

The transition to the wavelength range 810e890 nm
seemed promising since even for the polymer ﬁlm
thickness of 50 mm, the maximum relative error in
determining the polymer ﬁlm permittivity did not
exceed 0.8% FSI. However, the polymer ﬁlm thickness doubling to 100 mm leads to the smearing of the
frequency peak in the Fourier spectrum of the FabryPerot comb, and to the impossibility of determining
its position by three top points, Fig. 15. It increases the
maximum relative error of the permittivity determination closer to the upper measurement limit, up to
3.5% FSI. The further increasing of the polymer ﬁlm
thickness in the range 810e890 nm leads to even
greater uncertainty in determining the frequency of
the Fabry-Perot spectrum comb and increases the
measurement errors.

7. Observation in time
Let us return to the analysis of the ﬁlm permittivity dependence on the comb frequency and the
mass center of the Fabry-Perot reﬂection spectrum,
which resembles a ﬂattened 3D spiral. Assume that
the frequency of measurements provides the
parameter monitoring speed, which guarantees
continuities of the permittivity change. That is, two
consecutive measurements guarantee that the
polymer ﬁlm permittivity value, calculated by the
frequency and the mass center, does not jump from
one coil of the spiral to another.
If the proposed assumption is fulﬁlled, the uncertainty arising when determining the polymer
ﬁlm permittivity in the self-intersection points of the
phase section “frequency vs mass center” can be

resolved by choosing the value that is closer to the
previous measured one.
The task of ambiguity of the polymer ﬁlm
permittivity determining after the ﬁrst measurement step is solved similarly. If the ﬁrst measurement gives an ambiguity in determining the
measured value, it is corrected by subsequent
measurements in dynamics over time.
The complexity of this approach lies in the difﬁculties of choosing the analytical form of the
approximation function 3P ¼ F ( f, s), which describes
a 3D curve in space. It is necessary to form the
dependence of the polymer ﬁlm permittivity on the
comb frequency and the mass center of the FabryPerot comb with the sufﬁciently detailed sampling
during the calibration of the measurement system.
For each measurement, the point with the frequency
and mass center ( f *, s*) is determined, which allows
ﬁnding the nearest point in the phase section, Fig. 16,
and restoring the value of the polymer ﬁlm permittivity. The ambiguity of the calculated value, in case
when the point is located close to the curve selfintersection area of the phase section, is resolved
according to the above-proposed algorithm.
The disadvantage of the proposed approach is the
need for the detailed sensor calibration and the
storage of the sensor calibration curve in the
measuring system memory.

8. Conclusion
The mathematical model of the ﬁber-optic gas
concentration sensor, based on the Fabry-Perot
interferometer, formed on the end face of the optical
ﬁber by applying the thin polymer ﬁlm, which
permittivity depends on the tested gas concentration,
is proposed. The main dependencies and patterns are
revealed. The inﬂuence of the permittivity drift of the
optical ﬁber and atmosphere on the measurement
results is investigated. The inﬂuence of the polymer
ﬁlm thickness on the reﬂection spectrum of the FabryPerot interferometer is analyzed. The small changes
(no more than 10%) in the permittivity of the optical
ﬁber or atmosphere inﬂuence only the contrast of the
Fabry-Perot reﬂection spectrum and do not affect its
period or spectrum shift along the wavelength. It allows neglecting the drift of the ﬁber temperature and
the external atmosphere temperature and focusing on
controlling the polymer ﬁlm parameters and characteristics. The effect of the polymer ﬁlm thermal
expansion on the resulting spectrum is investigated.
The change of the temperature in the range of ±100 K
requires an additional sensor for temperature
compensation, since the thermal expansion coefﬁcient of the polymer ﬁlm signiﬁcantly impacts on its
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thickness, and as a result on the Fabry-Perot comb
period. The proposed mathematical apparatus makes
it possible to investigate the phenomenon in detail for
various ﬁlm materials and temperature ranges. The
problem of ambiguity in determining the polymer
ﬁlm permittivity by the measured values of the comb
period and the shift of the Fabry-Perot reﬂection
spectrum is disclosed. The technique for determining
the value of the permittivity in narrow and wide
ranges, based on the Fabry-Perot reﬂection comb
period and its spectrum shift, is developed. The limitations and methodological errors of the proposed
method are determined. The estimation of the relative measurement error in the permittivity for the
wavelength ranges 810e890, 1270e1350, and
1510e1590 nm, depending on the polymer ﬁlm
thickness, is made. The real achievable error in
determining the polymer ﬁlm permittivity can be no
more than 0.3% FSI in the narrow measuring range,
and no more than 1% when the permittivity value
changes by an order of magnitude.
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